The synthesis and properties of a number of functionalized calix[4]pyrroles are described. To date, two generalized preparative approaches have been pursued. The first involves modifying the basic pyrrole-plus-ketone synthesis of calix[4]pyrrole by using modified precursors or by co-condensing more than one ketone with pyrrole. The second approach relies on the reaction of a pre-formed calix[4]pyrrole with an electrophile. In both cases, the resulting species can be subject to further manipulation. In this way a range of structures, including ones bearing ancillary recognition subunits, electro-or photochemical reporter groups, and/or water solubilizing substituents may be obtained. Solid supports bearing calix[4]pyrroles may also be produced in this way.
INTRODUCTION
The field of anion binding chemistry, while far less developed than that of cation chelation, is currently viewed as being one of the important frontiers in the generalized area of supramolecular chemistry and molecular recognition. Much of this emphasis derives from an appreciation that appropriately designed anion receptors have critical roles to play in the development of fluorescent sensors,' electrochemical signaling devices,' and ion selective electrodes.3 It is also appreciated that anion recognition subunits, perhaps site-isolated on solid supports, might prove useful in the areas of waste remediation4 and charged substrate separation.5>6 Finally, while less widely disseminated, it is slowly becoming recognized that biocompatible anion carriers could hold the key to the development of new treatments for cystic fibrosis and AIDS.738 that new devoting a anion number considerable binding of groups, receptors. effort including to the Here, task our of much generating own, of the are 0 % of their inherent anion binding characteristics.9 One M system that appears particularly attractive in this regard, and the subject of this report, is calix [4] pyrrole (e.g. 1 and 2).10 It is simple to prepare and easy to fimctionalize. The calix [4] pyrrole are a most venerable class of materials. They were first prepared by Baeyer in 188611 but only recently recognized for their anion binding potential.10,12 In the case of the simple, octaalkyl functionalized systems 1 and 2, it was found that both fluoride and chloride anion were bound in the solid state and that these two anions, and to lesser extent dihydrogen phosphate, are bound in dichloromethane solution (for 1: Ka = 17,000, 350, and 100 M 1 for F-, Ck, and H2PO4-, respectively).12 Shortly thereafter, it was discovered that calixpyrroles bind neutral substrates, albeit weakly.13 Efforts then turned immediately to the problem of preparing functionalized calix[4]pyrroles and the related task of obtaining systems whose inherent anion binding properties were modified relative to the "parent" systems 1 and 2. These studies, while still ongoing, are beginning to provide much in the way of structure-function insight.
Given their importance, it is not surprising
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Perhaps the most appealing feature of calix [4] pyrrole chemistry is the fact that systems such as 1 and 2, bearing identical alkyl substituents in all eight of the meso-like positions, are incredibly easy to make. All one needs to do is to condense a ketone with pyrrole under conditions of acid catalysis. In this way one can isolate systems such as 1 and 2 in upwards of 60% yield. Appreciating this, we have prepared a whole range of elaborated systems, including 3-13, whose existence is predicated on the use of an appropriately functionalized pyrrole andor ketone.lO,l2-16 While many of these systems have yet to be studied in detail, it is already becoming apparent that the basic anion binding characteristics of the calix[4]pyrrole skeleton are indeed affected by the number and type of substituents present on the mesolike bridges andor p-pyrrolic sites (vide infia). Among the collection of products 3-13, the octamethoxy derivative 3 stands out as being particularly important. This derivative, prepared early on in our efforts to map out the basic anion binding characteristics of the calix[4]pyrroles, was found to be a far weaker fluoride anion binder (by a factor of 50) than the parent system 2.14 This led to the consideration that the synthetic "addition" of nelectron withdrawing groups, as opposed to n-donating methoxy substituents, in the p-pyrrolic positions would lead to enhanced anion binding affinity. As detailed below, this approach did work in terms of effecting the desired binding constant enhancements. Unfortunately, the systems in question proved difficult to prepare using a direct pyrrole-plus-ketone condensation approach. They could, however, be obtained via a post-synthetic modification process as described later on in this report.
Another generalized set of systems obtainable from direct homo-condensations of ketones and pyrroles are meso-alkyl and meso-aryl substituted calix [4] pyrroles. This class of products differs from simple p-pyrrole substituted calix [4] pyrroles in that the substituents need not only point out away from the macrocyclic core. They can thus influence anion binding affinities via a combination of electronic and steric effects. Further, they can affect the basic conformational properties of the calix[4]pyrrole core and thus control the spatial orientation (and availability) of the various pyrrolic NH donor groups that might, or might not, be involved in anion binding. On a more pragmatic level, just as is true for the purely ppyrrole substituted systems, the meso substituents may be chosen so as to achieve a desirable set of molecular characteristics, such as water solubility, membrane or liposomal affinity, and increased (or reduced) anion binding affinity.
The octahydroxy calix[4]pyrrole 5 stands as a nice illustration of the above point. This material, obtainable from dihydroxyacetone dimer and pyrrole via either a direct condensation or through the use of acetate protected intermediates, displays appreciable water solubility. It is thus likely to prove useful when it comes to studying the properties of calix[4]pyrroles in aqueous and biological milieus. This particular end use utility is also expected to be manifest in the case of the tetrasulfonate derivative 7. This system, although difficult to isolate cleanly, shows high water solubility over a wide range of pH. Good water solubility, especially at higher pH, is also observed for the carboxyl substituted congener 10. Meanwhile, analogue 8 was been found to dissolve nicely in mixtures of water and alcohol.
One of the reasons that the solubilized systems 7, 8, and 10 are difficult to obtain in clean form is that they, like calix[4]pyrroles 6,9, 11-13, are actually formed as a mixture of configuration isomers (c.f. Figure 1 ). In the case of 8,9, and 13, these different isomers have been separated from one another and found to display, interestingly enough, differing relative anion binding affinities. In the particular case of 9, the clclpp isomer was found to possess an unusually high affinity towards fluoride anion (K, 1 105 M-1 in CD2C12) as well as an avidity for chloride anion that is increased by a factor of roughly 3-5 relative to 1. By contrast, the less symmetric clclap isomer of 9 displays binding constants for both these anions that, while still larger than those of 1, are considerably less enhanced. Taken together, these results serve to illustrate just how important slight deviations in structure can be in terms of fine-tuning the anion binding properties of a given calix[4]pyrrole-type receptor system. Another appealing way whereby changes in structure could be used to modulate the basic anion binding properties of a given calix [4] pyrrole is via the covalent imposition of a preorganized binding site. An example of this approach is embodied in the strapped calixpyrroles 14 and 15. These systems, which were prepared by condensing pyrrole with the appropriate "pre-strapped" diketones, are rather unique in that they contain either ancillary "cryptand-like" binding sites for a counter cation (system 1 4 ) or additional, amide-derived NH hydrogen bond donor functionality (system 15). In either case, enhanced anion binding affinities andor ion pair selectivities might be expected.
A very different kind of preorganized system is defined by compounds 1 6 and 1 7 . These heterodimers were obtained as the result of a template mediated condensation between a keto-functionalized calixarene and pyrrole and define, respectively, the first calixpyrrole-calixarene conjugate15 and first expanded calixpyrrole (i,e., a calix[n]pyrrole with n > 4)16 to be recorded in the literature.
Products from Mixed Condensations
The high yields that are obtained in the course of simple single pyrrole plus single ketone condensations, makes it possible to conceive of preparing modified calixpyrroles via the condensation of more than one ketone with a single pyrrole or more than one pyrrole with a single ketone (as well as from condensations involving more complex mixtures). To date, it is the first of these strategies that has been most extensively explored. In particular, methyl 5-oxopentanoate was co-condensed with cyclohexanone to produce, after saponification and reprotonation, the meso-carboxyl functionalized calixpyrrole 18.17 As discussed below, this product has proved to be a very useful intermediate in the synthesis of other functionalized calix [4] pyrroles. It is also of interest in and of its own right in that it undergoes selfassembly in both CD2C12 solution and in the solid state.17
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Mixed condensation strategies have also been employed recently to prepare the calix[4]pynole dimers 19 and 20. Based on preliminary studies with diols and dicarboxylate anions, these systems show promise as acting as cooperative homoditopic anion and neutral substrate receptors (Fig. 2) . 
CALIXPYRROLES OBTAINED VLA POST-MACROCYCLIZATION MODIFICATIONS
Products from Direct One-pot Reactions
Pyrroles are known to be rather electron rich as compared to benzene. As a general rule, therefore, they react well with electrophiles. It was thus considered possible that the key electron poor analogue of 3, namely the octabromo derivative 21, might be obtainable via the direct reaction of 1 with NBS. In fact, this transformation worked as envisioned, with a 90% yield of 21 being obtained in this way.14 Further, as expected, this particular calix[4]pyrrole proved to be an anion receptor par excellence, displayinn anion affinities that were upwards of an order of magnitude larger than 1 and upwards of two orders-of magnitude larger than 3. 10 Related chemistry, involving treatment of 1 with n-BuLi followed by treatment with ethyl bromoacetate, gave (after saponification and reprotonation), the mono acetic acid 22 or, in the case where C02 was used, the directly substituted system 23. The use of IC1 as the electrophile in these kinds of reactions has also permitted the isolation of the monoiodo calix[4]pyrrole 24. In all cases, it is possible to isolate doubly functionalized (or even more fully substituted) by-products; however, these have proved easy to remove via column chromatography. 
R=C02H
R = l
With suitably functionalized systems, notably calix[4]pyrroles 18, 22-24, in hand, a library-like construction of calixpyrrole conjugates becomes possible. Structures 25-35 are representative of some of the systems we have prepared to date. With the exception of the anthracene functionalized calixpyrrole 35, which was obtained using organometallic coupling methods, all were prepared via the reaction of an activated calix[4]pyrrole acid (i.e., 18,22 or 23) with an amine. In spite of this, the resulting amide-linked systems were found to display rather disparate properties. For instance, compounds 25 and 2 6 incorporate glucosamide residues and are appreciably water soluble. By contrast, the crown ether derivative 27 is not water soluble. However, by virtue of containing a built-in cation binding site, it could prove useful in either extracting salt mixtures out of water or allowing for the enhanced through-membrane transport of ion pairs or zwitterions. The cytosine-linked calix[4]pyrroles 28 and 29 also show promise as selective transport agents for guanine-containing nucleotides. Indeed, it has recently been found that the meso-linked conjugate 28 (but not its p-linked congener 29) acts as a selective carrier for GMP in a Utube type Aqueous I -CH2Cl2 -Aqueous I1 model membrane system (Figs. 3 and 4) . Conjugates 30 and 31 are of special interest in that they incorporate ferrocene centers.'* This redox active moiety is one that has been extensively studied in the context of preparing electrochemical sensors for various small molecule analytes.2 Its attachment to calix [4] pyrrole is allowing anion binding events to be studied in this way. Another way of allowing anionic analytes to be probed is through the attachment of a fluorescent chromophore to the calix[4]pyrrole skeleton as has been done in the case of conjugates 32-35. In this case, as has been demonstrated in preliminary work with 32, addition of an anion (tetrabutylammonium chloride in the case of 32) leads to a quenching of the flourophore emission (Fig. 5) . Given the ease of synthesis and the unique anion binding characteristics of the calixpyrroles, this approach to anion sensing appears to hold great promise. NaCl + 50 mM NaH2P04), pH 7.0,250 C.
Functionalized Solid Suva orts
A very different way of exploiting the availability of carboxyl-functionalized calixpyrroles is to use them to prepare modified solid supports. In principle, such supports could be used to help effect the remediative removal of anionic wastes from industrial, agricultural, or radioactive sources. They could also be used as stationary phases to effect the chromatography-based purifications of anioqic substrates. To date, it has been this latter opportunity that we have focused on exploring post extensively. Indeed, we have prepared several calixpyrrole-functionalized silica gels and found that they work to effect the separation of inter alia oligonucleotides under conditions of isochratic aqueous acetonitrile elution (Fig. 6) .6 36. n = 5 37. n = 6 38. n = 7 39. n = 8
41
42 Note: In structures41 and 42 the chlorine atoms are located in positions^"a" or "b" but not in both.
